The study presents three-port reflecting cell model for analyzing SAW structures employing strong electrode reflections. Basic objective is to analytically approximate all the p-matrix elements for a SAW structure in terms of reflection, transduction, and transmission strengths. This model is an approximate one and it does not take into account the effects of bulk wave excitation, diffraction, and propagation loss etc for convenience. This 3-port reflecting cell model has been used to show that it is possible to realize Infinite Impulse Response (IIR) filters on SAW devices, which can result in much smaller size as compared to very high order Finite Impulse Response (FIR) SAW filters for given specifications. Simulation results for this new 3-port reflecting cell model and IIR filter realization are presented for validation purpose.
Introduction
Present day SAW devices utilize reflections to have improved filter characteristics. Accurate analysis of SAW filters with reflections is much more complex than the analysis of SAW filters without reflections. The model that is often used for analyzing SAW transducers is the Coupling -of -Modes (COM) model [1] . COM model is an approximate one and it represents the SAW IDT (which is discrete by nature) in terms of smoothly varying quantities governed by differential equations. Furthermore to relate the COM theory with transducer physics is not easy. COM theory represents wave parameters for COM, and then use COM for analysis of SAW structures [4] . Morgan has proposed the Reflective Array Modeling (RAM) [5] ) RAM uses the method based on quasi-static analysis. Quasi-static methods are basically accurate for non-reflecting transducers, and therefore RAM can amplitudes by differential equations [1, 2] and assumes weak electrode reflections and narrow bandwidths. On the other hand the complex models utilizing Finite Element Method (FEM)/ Boundary Element Method (BEM) [3] can be quite good methods, but due to their complexity and large computation time it is common to use these models to calculate the required provide accurate transduction 23 13 , ( p p ) only for SAW structures utilizing small electrode reflection coefficients. SAW devices often include reflections for improved characteristics and strong reflections can be utilized for many additional advantages. The main attractiveness of 3-port reflecting cell model (RCM) presented in this paper is that it can be used to accurately model the reflection and transduction even for SAW structures utilizing strong reflections. On account of this RCM can be used to generate all p-matrix elements accurately for SAW unit cells utilizing large electrode reflection coefficients. Furthermore RCM retains the attractive simplicity of cascading methods in calculating all p-matrix elements of SAW structures. This model together with cascading formulas for p-matrices demonstrates that rational transfer function on a SAW structure can be realized using two or more reflectors.
Realization of Infinite Impulse Response (IIR) transfer function on SAW devices leads to smaller size SAW filters as compared to high order Finite Impulse Response (FIR) realizations for same filter specifications. One can obtain IIR approximation for given FIR specifications using different techniques proposed already in literature [6] [7] [8] When an acoustic exponential wave strikes the finger pair with opposite polarity, current proportional to the finger overlap regenerates. This only constitutes the current flow by the forward moving acoustic wave. The second component, which contributes to induction to this current, is due to the acoustic wave coming from the following stage, i.e. the backward moving wave. Again the current induced by this component will be proportional to the finger overlap. This will get added to the component due to forward moving wave and a current proportional to the sum of these components will flow. This situation has been modeled as dependent current source. We assume that when an acoustic signal ' ' 1 a reaches the finger pair with opposite polarity, current equal to ' ' 1 a α will get generated, where ' 'α is the transduction strength which is proportional to the overlap length of fingers with opposite polarity.
If the time taken by acoustic wave to travel through a unit cell (a distance equal to acoustic wavelength λ) is assumed to be ' ' T , then exponential will get modified by a multiplicative factor of , }' exp{ ' T jω − in traveling through one unit cell, as is clear from point 1. We will consider this delay in signal as the unit delay, and will term this as 1 − z . The frequency dependence of the phase shift is clearly incorporated in the above setting.
It is assumed that acoustic wave interacting with the reflector gets reflected from its center. When an acoustic wave reaches the reflector center, ' 'γ times of the incident acoustic wave gets reflected and ' 'η times get passes through the reflector. Here ' 'γ is the reflection coefficient, and ' 'η is the transmission coefficient of the reflector. The reflected wave gets coupled (i.e. added) to the backward moving wave, which is due to the acoustic wave coming from the following stage. The same is true for the acoustic wave coming from the reverse direction and interacting the reflector.
The parameters , ,η γ and α have been taken to be constants but it can be seen from the analysis that they can be easily generalized to have frequency dependence.
Three-port Reflecting Cell Model
In this Section we present a novel approach to obtain p-matrix for a unit cell of SAW transducer with reflector. This model gives analytical expressions for all the p-matrix elements in terms of reflection strength, transduction strength, and transmission strength. The p-matrix for a SAW structure is obtained by cascading the p-matrices for the unit cells that it is comprised of. In the present analysis the reflection center is taken at the center of the reflector (center of the wide electrode of 8 / 3 0 λ width), and the transduction center is taken at the center of the space between opposite polarity electrodes. DART structures [9] have been used for implementing the reflectivity in SAW structures, where three electrodes per unit cell are used. In Fig.1 a1 and a2 (b1 and b2) are input (output) acoustic signals at port 1 and port 2 respectively. Let 'v' is the applied voltage, and 'i' is the current at port 3, where port 1 and port 2 are acoustic ports and port 3 is electrical port. To get the required pmatrix elements we need to get expression for output signals in terms of input signals at three ports of a unit cell. According to the basic assumptions we can write from will get added to outgoing acoustic signal at port1.
As a result of (i), (ii) and (iii) one can write: 
Realization of IIR Transfer Function on SAW Structures:
Realization of poles in a SAW structure with two or more reflecting electrodes results in rational transfer function for SAW structures. This should be noted that reflecting electrodes are wide electrodes having 3λ0/8 width. Negligible reflections are assumed at narrow electrodes with λ0/8 width. As a consequence of this no poles will be generated for a SAW structure having no wide electrode of 3λ0/8 width. In this section we show that the pole can be generated in a SAW structure with two or more reflecting electrodes, or in other words rational transfer function will be realized for a SAW structure if there are two or more reflectors.
In order to get p-matrix for SAW structure, it is required to first obtain p-matrices for its unit cells and then cascade these pmatrices using cascading formulas as given by Abbott et. al. [1] . If p-matrix is obtained for a SAW structure having two or more reflectors, a rational transfer function will be realized. This shows that it is possible to realize IIR filter on a SAW device.
One of the most important factors in realization of IIR transfer function on SAW devices is the realization of a proper second order denominator polynomial in rational transfer function for a SAW structure. If one could achieve this then it can be said that realization of any rational transfer function is possible on a SAW device. In this section we show that a proper second order denominator polynomial in a rational transfer function given by p-parameters , 13 p (and/or 23 p ) can be realized. In particular we show that the SAW structure shown in Fig. 2 realizes a proper second order denominator polynomial for p-matrix elements 13 p (and/or 23 p ). The p-matrix for this SAW structure can be obtained by using the RCM modeling and cascading formulas as already discussed. The analytic expressions for p-matrix elements for structure in Fig.2 are as follows: (   2  2  2  4  1  2  1  2   4  4  3  2  5  7  3  4  5  2  3  5  2  2  3 
, is unit delay, which is equal to the delay on account of traveling a unit cell or a length λ the acoustic wavelength, and all other parameters are as already defined. 
Simulation and Validation of Results
In order to validate RCM model presented in this paper the results given by RCM model were compared with that given by COM model. As the model is used to generate the p-matrix, all the p-matrix elements were generated using RCM and COM model for a number of SAW transducers. It has been shown by simulation that all the corresponding elements of p-matrices predicted by two models for SAW transducers on Quartz substrate and two normalized film thicknesses shows excellent match. However, results only for p-parameters and are given here. It has to be noted that basic objective of simulation results presented here is to compare the results given by two models COM and RCM.
Transducer 1: This transducer is having transduction and reflection weighting coefficients as that obtained for IDT 1 of SAW filter 1 in Reference [11] . This sequence of transduction and reflection weighting coefficients has been analyzed by COM and RCM modeling with two different normalized film thickness ratios (h/λ) equal to 1.16 % and 3.75 % for ST-quartz substrate. The purpose to choose these two normalized film thickness ratios was to compare the p-parameters for moderate reflections (h/λ=1.16 %) and strong reflections (h/λ= 3.75 %).
The magnitude of p-parameters and for this transducer given by RCM and COM under unmatched condition are given in Fig. 3 to Fig. 6 . It can be seen from simulation results that the p-parameters for two different normalized film thicknesses (h/λ) are quite different due to change in reflectivity and other parameters. But the differences predicted by RCM and COM are quite similar. RCM model has been compared with COM for all p-matrices for other transducers of Reference [11] and for other different SAW structures. RCM has shown excellent match with COM for all other SAW transducers also. 
CONCLUSION
The 3-port reflecting cell model (RCM) has been presented which can be used to analyze the SAW structures with/without reflecting electrodes. This model can be used to get analytical expressions of all the p-matrix elements in terms of reflection, transduction and transmission strengths. The basic advantage of this model is that it can be used to obtain all the p-matrix elements accurately even for the SAW structures utilizing strong reflection coefficients. Furthermore this model retains the computational convenience in computing all the p-matrix elements. Simulation results show excellent match for all the pparameters given by RCM and COM for SAW structures on quartz with different normalized film thickness ratios (h/λ).
However, results for p-matrix elements and are shown only, as this represents the transfer function. Using RCM together with cascading formulas for p-matrices, it has been shown that IIR transfer function can be realized on a SAW structure having two or more reflectors. Realization of proper second order denominator polynomial on a SAW structure has been shown, that establishes the claim that it is possible to realize any rational transfer function on a SAW structure.
